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Imposition of Crossover Interference
through the Nonrandom Distribution
of Synapsis Initiation Complexes
at least one CO to promote its proper segregation. A
mechanistic relationship between the two aspects of
CO distribution is often assumed. Consistent with this
view, large chromosomes display more interference
than small ones (Kaback et al., 1999).
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CO interference is generally presumed to involve the3 Department of Genetics
transmission of an inhibitory signal from one CO siteYale University
to nearby potential sites of crossing over. One long-New Haven, Connecticut 06520
standing model for interference is that zippering up of
the SC serves as the mechanical basis of signal trans-
mission (Egel, 1978; Maguire, 1988). In this case, regionsSummary
of the chromosome that have synapsed are no longer
permissive for crossing over, whereas regions that haveMeiotic crossovers (COs) are nonrandomly distributed
not yet synapsed can engage in crossing over. In sup-along chromosomes such that two COs seldom occur
port of this model, mutations in a number of organismsclose together, a phenomenon known as CO interfer-
impair or abolish SC formation and simultaneously re-ence. We have used genetic and cytological methods
duce or eliminate CO interference (Moens, 1969; Ha-to investigate interference mechanisms in budding
vekes et al., 1994; Sym and Roeder, 1994; Chua andyeast. Assembly of the synaptonemal complex (SC)
Roeder, 1997; Novak et al., 2001). In budding yeast,initiates at a few sites along each chromosome, trig-
synapsis depends on the ZIP1 gene, which encodes angered by a complex of proteins (including Zip2 and
essential building block of the central region of the SCZip3) called the synapsis initiation complex (SIC). We
(Sym et al., 1993). Analysis of an extensive collection offound that SICs, like COs, display interference, sup-
zip1 non-null alleles revealed a correlation between theporting the hypothesis that COs occur at synapsis
extent of synapsis and the strength of interference (Tunginitiation sites. Unexpectedly, we found that SICs show
and Roeder, 1998). Schizosaccharomyces pombe andinterference in mutants in which CO interference is
Aspergillus nidulans both fail to make SC and do notabolished; one explanation is that these same muta-
display CO interference (Egel-Mitani et al., 1982; Bahlertions eliminate the subset of COs that normally occur
et al., 1993; Munz, 1994).at SICs. Since SICs are assembled in advance of SC
Synapsis (i.e., SC formation) initiates at sites calledand they are properly positioned even in the absence
axial associations (AAs) where the cores of homologousof SC formation, these data clearly demonstrate an
chromosomes become closely connected (Rockmill etaspect of interference that is independent of synapsis.
al., 1995; Chua and Roeder, 1998). The synapsis initia-
tion complex (SIC), which includes the Zip2 and Zip3
Introduction
proteins, localizes to AAs (Chua and Roeder, 1998; Agar-
wal and Roeder, 2000). SICs promote polymerization of
A distinguishing feature of the first meiotic division is the Zip1 protein, which brings each pair of chromo-
the high rate of recombination that occurs between ho- somes into close apposition along their entire length
mologous chromosomes (reviewed by Roeder, 1997). (Sym et al., 1993; Chua and Roeder, 1998; Agarwal and
Crossing over establishes chiasmata, which are physical Roeder, 2000). Several observations suggest that syn-
connections between homologs that ensure their cor- apsis initiates at the sites of genetic recombination
rect segregation at meiosis I. In budding yeast, meiotic events. First, the synapsis initiation proteins, Zip2 and
recombination is concurrent with assembly of the syn- Zip3, have been shown to colocalize and/or interact with
aptonemal complex (SC), which holds the cores of ho- a number of recombination proteins (Chua and Roeder,
mologous chromosomes close together along their 1998; Agarwal and Roeder, 2000; Novak et al., 2001).
lengths during the pachytene stage of meiotic prophase Second, neither Zip2 nor Zip3 localizes properly in mu-
(reviewed by Roeder, 1997). tants that do not initiate meiotic recombination (Chua
In most organisms, the distribution of COs along a and Roeder, 1998; Agarwal and Roeder, 2000). Third,
chromosome is nonrandom such that two exchanges null mutations in ZIP2 and ZIP3 reduce crossing over
seldom occur close together—a phenomenon known as 2- to 3-fold (Chua and Roeder, 1998; Agarwal and
CO interference (reviewed by Roeder, 1997). In addition, Roeder, 2000).
COs are nonrandomly distributed among chromosomes In order to investigate the distribution of synapsis
such that small chromosomes have a higher density of initiation sites along chromosomes, we developed a cy-
exchanges, (i.e., more COs per kbp of DNA) than large tological method to map SICs. We found that SICs are
chromosomes (Kaback et al., 1989, 1992). This advan- localized fairly uniformly along the length of each chro-
tage afforded to small chromosomes provides a mecha- mosome pair, indicating that synapsis does not initiate
nism to ensure that every chromosome pair sustains at preferred locations. We also found that SICs interfere
with each other (i.e., one SIC reduces the probability
of another SIC occurring nearby), suggesting that SICs*Correspondence: shirleen.roeder@yale.edu
correspond specifically to the sites of reciprocal CO4Present address: GH_S312E Genentech Hall, 600 16th Street, Uni-
versity of California, San Francisco, California 94143 events. Since SICs are assembled prior to the formation
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Figure 1. Localization of Zip2 Foci on Pachytene Chromosomes
Shown is a spread nucleus stained with (from left to right) DAPI, and antibodies to Zip2, GFP, and Zip1. The image on the right is a merge
of the three antibody-stained images. Scale bar is equal to 1 m.
of mature SC, this result demonstrates an aspect of other chromosomes (Figures 2C–2E). Examination of
Zip2 foci along chromosomes III, IV, and XIV revealedinterference that is independent of synapsis.
that Zip2 foci are distributed in a manner similar to that
found for chromosome XV. Like chromosome XV, chro-Results
mosomes III and IV show a decreased frequency of
Zip2 foci in the interval containing the centromere. TheSICs Are Distributed Fairly Uniformly
density of Zip2 foci (i.e., foci/kbp) is somewhat higheralong Chromosomes
for the two smaller chromosomes examined than it isTo determine the distribution of SICs along a chromo-
for the two larger chromosomes (Table 1).some, chromosome XV was uniquely tagged by inserting
a tandem array of the Lac operator (LacO) at the ARG8
locus at one end of the chromosome. The tagged strain SICs Display Interference
As mentioned in the Introduction, a number of observa-produces a LacI-GFP protein that binds LacO (Straight
et al., 1996). Meiotic chromosomes were surface spread tions indicate that synapsis initiates at the sites of re-
combination events. But does synapsis initiate specifi-and stained with antibodies to GFP, Zip2, and Zip1. Zip2
antibodies indicate the locations of SICs relative to the cally at the sites of COs? To address this question, we
determined whether Zip2 foci demonstrate interference,chromosome end marked by the GFP signal (Figure 1).
Zip1 antibodies were used to measure the contour length a property of COs, but not noncrossovers (Mortimer
and Fogel, 1974). (Noncrossovers are strand exchangeof each chromosome. Only those spreads containing an
isolated chromosome XV with a clear GFP signal and reactions not accompanied by crossing over.)
A convenient metric for genetic interference is thecompletely linear Zip1 staining were used to analyze the
distribution of Zip2 foci. coincidence coefficient, which is defined as the ob-
served frequency of tetrads with COs in two adjacentWe found an average of 3.7 1.0 Zip2 foci on chromo-
some XV with a mean contour length of 2.6  0.04 (SE) intervals divided by the frequency of such tetrads ex-
pected in the absence of interference. Interference ismicrons. To assess the localization preference of Zip2
foci, the chromosome XV contour length was divided defined as one minus the coincidence coefficient. We
computed a similar coincidence coefficient (Z) to mea-into ten intervals of equal size, and the frequency of
Zip2 foci within each interval was measured. If synapsis sure cytological interference (Ic) of Zip2 foci. In this case,
however, the coincidence coefficient is the observedinitiates at fixed locations on the chromosome, then
a plot of SIC frequency against chromosomal position frequency of finding Zip2 foci in two adjacent intervals
of the chromosome divided by the frequency of adjacentshould yield a distribution characterized by discrete
peaks separated by deep valleys. Instead, we found that foci expected in the absence of interference. The ex-
pected frequency of Zip2 foci in adjacent intervals wasZip2 foci are distributed relatively uniformly along the
length of the chromosome with insignificant differences obtained by multiplying the measured frequencies of
Zip2 foci in the individual intervals. Whenever the ob-between intervals in most cases (Figure 2A). A similar
pattern was obtained when chromosome XV was tagged served frequency of adjacent Zip2 foci is less than the
expected frequency, these foci can be said to displayat the opposite end (Figure 2B). There is no preference
for synapsis initiation near telomeres, contrasting with cytological interference. Thus, when Z 1, there is posi-
tive interference (Ic  0) and, when Z  1, there is noobservations in higher eukaryotes where synapsis often
initiates at chromosome ends (Loidl, 1990). However, interference (Ic  0).
For all nine pairs of adjacent intervals along chromo-there is a decreased frequency of Zip2 foci in the interval
containing the centromere. some XV, the observed frequency of finding adjacent
Zip2 foci is less than the expected frequency (Figure 3A).To determine whether other chromosomes exhibit
similar distributions, Zip2 foci were mapped on three Cytological interference values do not vary substantially
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Figure 2. Localization of Zip2 Foci on Four Different Chromosomes.
Each chromosome was subdivided into intervals approximately 0.26 m in size, corresponding to 110 kbp or 36 cM (on average). For
each chromosome, the location of the GFP binding site (GFP) and the position of the centromere (filled circle) are indicated. Shown is the
frequency of Zip2 foci found in each interval expressed as a percentage of the total Zip2 foci found on all chromosomes examined. Error
bars report variances in the sampling distribution (see Experimental Procedures).
(A) Zip2 foci on chromosome XV with GFP at ARG8 (326 chromosomes examined).
(B) Zip2 foci on chromosome XV with GFP at SCP1 (303 chromosomes examined).
(C) Zip2 foci on chromosome III with GFP at LEU2 (175 chromosomes examined).
(D) Zip2 foci on chromosome IV with GFP at STL1 (175 chromosomes examined).
(E) Zip2 foci on chromosome XIV with GFP at LYS9 (299 chromosomes examined).
from interval to interval along the chromosome (Figure a less severe reduction in genetic interference (Chua
and Roeder, 1997); in contrast to zip1 and msh4, there3B). The average Ic for chromosome XV is 0.64 (Table
1). Thus, Zip2 foci, like COs, display interference. is a wild-type level of COs (Chua and Roeder, 1997;
Conrad et al., 1997 #1165).Interference was measured for other chromosomes
as well. Cytological interference was seen for all pairs For all three mutants, Zip2 foci distribution (Figures
4B–4D), average number of foci (Figure 4F), and contourof intervals on chromosomes III, IV, and XIV (Figures
3C–3E). As is the case for chromosome XV, regional length (Figure 4G) were measured on chromosome XV,
and interference was calculated as just described. Sur-fluctuations in interference levels are relatively minor.
The two smaller chromosomes show weaker interfer- prisingly, the average cytological interference values for
all three mutants are similar to that of wild-type (Figureence than the two larger chromosomes (Table 1).
4H). The slightly higher values for msh4 and zip1 mutants
might be related to the small decrease in the averageInterference of Zip2 Foci Is Unchanged in Mutants
with Reduced CO Interference number of Zip2 foci (Figure 4F). These data demonstrate
that interference between Zip2 foci remains intact evenIf SICs mark COs, then Zip2 foci might show reduced
interference in mutants that exhibit decreased genetic in mutants in which CO interference is reduced or abol-
ished. Thus, cytological and genetic interference can beinterference. To test this prediction, we examined three
mutants with reduced genetic interference: zip1, msh4, uncoupled under some circumstances.
and ndj1. Genetic interference is abolished (or nearly
so) in the zip1 and msh4 mutants (Sym and Roeder, Sgs1 Does Not Affect Interference
between Zip2 Foci1994; Novak et al., 2001); in both mutants, COs are
reduced 2- to 3-fold (Ross-Macdonald and Roeder, The results just presented indicate that interference is
established at or prior to the assembly of SICs. What1994; Sym and Roeder, 1994). The ndj1 mutation shows
Table 1. SIC Density and Interference between SICs on Chromosomes of Different Sizes
III XIV XV IV
Size (in kbp) 320 790 1100 1530
Recombination rate (cM/kbp) 0.48 0.37 0.33 0.31
Average number of Zip2 foci 1.6 4.0 3.7 6.0
Density Zip2 foci (foci/100 kbp) 0.5 0.51 0.34 0.39
Average interference between Zip2 foci 0.44 0.42 0.64 0.62
Tests of statistical significance indicate that the following pairs of chromosomes are significantly different from each other (p  0.05) with
respect to both the density of Zip2 foci and the average interference between foci: III versus XV, III versus IV, XIV versus XV, and XIV versus




Figure 3. Cytological Interference of Zip2 Foci
(A) The observed frequencies of finding Zip2
foci simultaneously in two adjacent intervals
was determined for each of nine pairs of inter-
vals on chromosome XV and plotted next to
expected frequencies in the case where Zip2
foci localize independently.
(B–E) Cytological interference values (i.e., one
minus the coincidence coefficient) for each
pair of intervals on chromosomes XV (B), III
(C), IV (D), and XIV (E).
For all pairs of intervals on all chromosomes
tested, the observed frequencies of adjacent
foci were significantly less than the expected
frequencies (p  0.001).
factors might determine SIC distribution? One candidate structures, called recombination nodules (Carpenter,
1988). Nodules present on chromosomes at pachytene,is Sgs1. Loss of this protein increases the number of
SICs (Rockmill et al., 2003), suggesting that SIC distribu- called late nodules, are similar in number to COs and
display interference. Nodules observed at zygotene,tion might be affected. However, analysis of Zip2 foci
(Figure 4E) revealed that cytological interference is unaf- called early nodules, are more numerous and do not
exhibit interference. Early nodules are postulated tofected (Figure 4H).
mark the sites of all strand exchange reactions, whereas
late nodules are believed to mark CO sites. In terms ofDiscussion
number and distribution, SICs are similar to late nodules.
However, SICs are detected at both the zygotene andSICs and Crossing Over
Our study provides strong evidence that synapsis initia- pachytene stages, suggesting that SICs represent a
subset of early nodules that persist and become latetion and crossing over occur at the same sites on chro-
mosomes. First, and most compelling, we have found nodules. The Zip2 and Zip3 proteins are components of
these nodules at both stages; thus, the decision as tothat SICs display interference, just like COs. In addition,
SICs tend to be reduced in frequency near centromeres, which strand exchange events will ultimately generate
COs (at least those occurring at SICs) must be made atand they are found at higher density on small chromo-
somes than large ones (see below for Discussion). Previ- or before zygotene.
ous observations also indicate a connection between
SICs and crossing over. The sgs1 mutation causes a Centromeric and Chromosome Size Effects
In addition to displaying interference, the distribution1.4-fold increase in the number of COs and a similar
increase in the number of SICs (Rockmill et al., 2003). of SICs parallels the distribution of COs in three other
respects. First, the density of SICs tends to be reducedFurthermore, null mutations in genes encoding SIC com-
ponents reduce COs (but not noncrossovers) (Ross- near centromeres, as is the case for COs. Second, the
density of SICs tends to be higher on small chromo-Macdonald and Roeder, 1994; Chua and Roeder, 1998;
Agarwal and Roeder, 2000; Novak et al., 2001). Although somes, as observed for COs. Third, interference be-
tween SICs tends to be greater on large chromosomes,all of these observations are correlative in nature, when
taken together, they constitute a strong argument that as reported for CO interference.
The centromeric repression of meiotic recombinationSICs and COs occur at the same chromosomal loca-
tions. is less pronounced in yeast than in higher eukaryotes.
Nevertheless, experiments in which the centromere wasSICs have features in common with electron-dense
Crossover Interference and Synapsis Initiation
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occurring yeast chromosomes, other factors in addition
to size must contribute to the rate of crossing over such
that there is no simple relationship between chromo-
some size and CO rate. In our experiments, we found
that the two smaller chromosomes tested showed a
significantly higher density of Zip2 foci than the two
larger chromosomes (Table 1). Our data are certainly
consistent with the conclusion that the density of Zip2
foci is higher on small chromosomes than on large chro-
mosomes. However, we would need to measure the
density of Zip2 foci in the same chromosomal segments
on chromosomes of different sizes to firmly establish
this relationship.
There is also a tendency for large chromosomes to
display stronger interference than small chromosomes.
Once again, this effect is most compelling when the
same genetic intervals are examined on chromosomes
of different sizes (Kaback et al., 1999). It has been pro-
posed that the enhanced interference and reduced
crossing over observed on large chromosomes are
mechanistically related (i.e., stronger interference re-
duces the probability of crossing over) (Kaback et al.,
1999). In our experiments, we found that interference
on the two smaller chromosomes examined was about
two-thirds the strength of the interference observed on
the two larger chromosomes, consistent with a correla-
tion between chromosome size and the degree of inter-
ference.
Interference between SICs Is Independent
of Synapsis
Figure 4. Evaluation of Zip2 Foci in Meiotic Mutants As noted in the Introduction, a number of observations
(A–E) The frequency of finding Zip2 foci along the length of chromo- have suggested that the SC plays a role in interference.
some XV is plotted for wild-type (A), ndj1 (B), msh4 (C), zip1 (D), Consistent with this hypothesis, mutations in three mei-
and sgs1 (E). The number of chromosomes examined was 326 for osis-specific genes of budding yeast abolish or impair
wild-type, 191 for msh4, 375 for ndj1, 245 for zip1, and 316 for sgs1.
synapsis and simultaneously reduce or eliminate CO(F) Average numbers of Zip2 foci on chromosome XV.
interference. A zip1 null mutation results in a complete(G) Average contour lengths for chromosome XV.
failure of SC formation and a total loss of CO interference(H) Average cytological interference values from nine pairs of inter-
vals on chromosome XV. (Sym et al., 1993; Sym and Roeder, 1994). In the msh4
mutant, synapsis is delayed and usually incomplete; in-
terference is abolished in some genetic intervals, but
only reduced in others (Novak et al., 2001). In ndj1transposed to a new location clearly demonstrated a
centromeric repression of meiotic recombination in yeast strains, synapsis is substantially delayed, but full synap-
sis is eventually achieved (Chua and Roeder, 1997; Con-(Lambie and Roeder, 1986, 1988). For three (III, IV, and
XV) of the four chromosomes examined, we found that rad et al., 1997). In this mutant, interference is reduced,
but not eliminated, in all intervals tested (Chua andthe interval predicted to contain the centromere displays
the lowest frequency of Zip2 foci of any interval on the Roeder, 1997). We were surprised, therefore, to discover
that the zip1, msh4, and ndj1 mutations do not reducechromosome. However, this effect was not apparent for
chromosome XIV. Our analysis may underestimate the interference between SICs.
Since SIC assembly precedes synapsis, the fact thateffect of the centromere if the centromere is located at
one end of an interval; in this case, much of the repres- SICs display interference implies that interference is in-
dependent of synapsis. However, an alternative inter-sive effect may occur in the adjacent interval. In this
respect, it is interesting to note that the interval immedi- pretation is suggested by the observation that the devel-
opment of SICs is asynchronous (Chua and Roeder,ately to the left of the centromere shows the lowest rate
of Zip2 foci of any interval on chromosome XIV. 1998; Agarwal and Roeder, 2000). Thus, it could be ar-
gued that synapsis initiating at SICs that form early influ-COs are nonrandomly distributed among chromo-
somes, such that smaller chromosomes tend to undergo ences the distribution of SICs that develop later. This
possibility could account for the interference betweena higher rate of crossing over (cM/kbp) than large chro-
mosomes (Table 1). This size effect is most convincing in SICs observed in wild-type and possibly even in the
msh4 and ndj1 mutants. However, the observation thatexperiments involving chromosome fragmentation and
chromosomal fusions, in which crossing over can be SICs show wild-type levels of interference in the zip1
null mutant, in which is there is absolutely no SC poly-measured in the same genetic intervals, but on chromo-
somes of different sizes (Kaback et al., 1992). In naturally merization, excludes the possibility that synapsis influ-
Cell
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ences SIC distribution. Thus, interference between SICs al., 1995), similar to zip2 and zip3. Polymerization of the
must be independent of the formation of mature SC. Zip1 protein begins at SICs and a zip1 mutation reduces
crossing over (Sym and Roeder, 1994; Chua and Roeder,
1998); thus, Zip1 may also be considered as a SIC com-Models for SIC Interference
What factors might be responsible for the nonrandom ponent with regard to CO function. Alternatively, Zip1
distribution of SICs? Although the Sgs1 protein is in- may reduce crossing over through its effect on Msh4;
volved in regulating the formation and/or stability of axial Zip1 is required for normal localization of Msh4 to chro-
associations (to which SICs localize) (Rockmill et al., mosomes (Novak et al., 2001). Epistasis analysis indi-
2003), the Sgs1 protein is not required for normal inter- cates that Zip1 and Msh4 affect the same subset of COs
ference between SICs. Indeed, to date, there are no (Novak et al., 2001).
proteins that are known to influence SIC positioning. The number of SICs observed (60) is not sufficient
Kleckner (1996) has proposed that CO control occurs to account for all the COs that occur in a meiotic cell
via the imposition and relief of stress, with this stress (90) (Chua and Roeder, 1998; Agarwal and Roeder,
most likely resulting from chromosome compaction in 2000). Furthermore, mutations in SIC components re-
conjunction with the resistance imposed by the chromo- duce COs only about 2-fold (Chua and Roeder, 1998;
some axis. According to this model, on each homolog Agarwal and Roeder, 2000). These observations raise
pair, the recombinational interaction most sensitive to the possibility that there is more than one CO pathway.
stress commits to crossing over. This commitment re- Recent observations suggest that the alternative path-
sults in stress relief in the immediate vicinity of the inter- way involves the Mms4 and Mus81 proteins (de los San-
action, possibly by release of a chromatin/axis connec- tos et al., 2001). A mutation affecting one pathway acts
tion. Furthermore, stress relief is then transmitted along synergistically with a mutation affecting the other path-
the chromosome in both directions, decreasing progres- way (de los Santos et al., 2001, 2003). Thus, there appear
sively as a function of distance. In this model, informa- to be two distinct classes of COs, with one set depen-
tion is transmitted along the individual homolog axes, dent on SICs and the other set dependent on Mms4/
not along the SC. Mus81.
Other models have been proposed for how the inter- The simplest explanation for the absence of interfer-
ference signal might be propagated along chromo- ence in zip1 and msh4 is that these mutations specifi-
somes. King and Mortimer (1990) proposed that signal cally eliminate those COs that normally occur at SICs.
transmission involves the polymerization of a CO inhibi- In the absence of any one SIC component (Zip1, Zip2,
tor along the chromosome axis, starting at a CO site
Zip3, Msh4, or Msh5), the complex may be defective
and extending outward in both directions. Kaback et
in crossover promotion. The COs remaining in these
al. (1999) suggested that a CO causes a chromosomal
mutants, which are presumably Mms4/Mus81-depen-
component to undergo an allosteric change that is inhib-
dent, would then be distributed at random.itory to crossing over and causes neighboring regions
to undergo a similar change in conformation. Foss et
al. (1993) have proposed a counting model for interfer-
Is There More Than One Interference Mechanism?ence in which a fixed number of noncrossovers (two in
Our data do not prove that interference between SICsyeast) must occur between adjacent COs. All of these
accounts entirely for genetic interference. The possibil-models can account for interference between SICs as
ity remains that the SC also plays a role. For instance,long as the relevant process (i.e., polymerization, confor-
synapsis initiating at SICs may influence the distributionmational change, or counting) occurs within the context
of COs occurring in the intervals between SICs. Indeed,of unsynapsed chromosome cores, rather than ma-
this hypothesis neatly accounts for the interference de-ture SC.
fect observed in the ndj1 mutant. In this case, the level
of crossing over is wild-type (Chua and Roeder, 1997;How Do the zip1 and msh4 Mutations Separate
Conrad et al., 1997), suggesting that both SIC-depen-COs from SICs?
dent and SIC-independent COs occur. However, despiteThe zip1 and msh4 mutations abolish CO interference,
the fact that SICs display the wild-type level of interfer-as measured genetically (Sym and Roeder, 1994; Novak
ence in ndj1, CO interference is nevertheless decreasedet al., 2001), yet they do not reduce interference between
(Chua and Roeder, 1997). The ndj1 mutation causes aSICs, as measured cytologically. Thus, SICs and COs
substantial delay in chromosome synapsis (Chua andare separable by mutation. How is this possible?
Roeder, 1997; Conrad et al., 1997); thus, stretches of SCIn addition to Zip2 and Zip3, others proteins are also
may be quite short at the time that the COs interveningfound at SICs. These include Msh4 and Msh5 (Novak et
between SICs are positioned. Impaired SC formational., 2001), two meiosis-specific MutS homologs. Al-
may allow non SIC-associated COs to occur closer tothough these proteins are not involved in mismatch re-
SICs than is otherwise the case.pair (Ross-Macdonald and Roeder, 1994; Hollingsworth
The possibility that there is more than one interferenceet al., 1995), their homology to MutS makes it likely that
mechanism is consistent with the complete loss of COthey are directly involved in DNA transactions. In the
interference in the zip1 mutant. In this case, both inter-absence of Msh4, SC formation is delayed and often
ference mechanisms would be inactivated: SIC-associ-incomplete (Novak et al., 2001). (The effect of msh5
ated, Zip1-dependent COs would not occur, and COson chromosome synapsis has not been reported.) Both
in the intervals between SICs would be randomly distrib-mutations reduce crossing over approximately 2-fold
(Ross-Macdonald and Roeder, 1994; Hollingsworth et uted due to the loss of SC formation.
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Experimental Procedures Cancer Research Fund of the Damon Runyon-Walter Winchell Foun-
dation.
Strains and Plasmids
Plasmids containing 256 LacO repeats were integrated at one end Received: November 10, 2003
of each chromosome examined. Each target sequence was first Revised: January 21, 2004
amplified by PCR to introduce flanking KpnI and XhoI sites that Accepted: January 27, 2004
were used for insertion into the same sites in the LacO-containing Published: March 18, 2004
plasmid pAFS59 (Straight et al., 1996). Chromosome, target se-
quences, and integrating plasmids were as follows: XV-ARG8
References
(pJF20), XV-SCP1 (pJF83), III-LEU2 (pJF107), IV-STL1 (pJF106), XIV-
LYS9 (pJF73).
Agarwal, S., and Roeder, G.S. (2000). Zip3 provides a link betweenAll strains are MATa/MAT diploids in the BR1919-19B back-
recombination enzymes and synaptonemal complex proteins. Cellground (Rockmill et al., 1995). Strains used for Zip2 foci mapping
102, 245–255.are homozygous for the LacO insert and heterozygous for GFP-
Bahler, J., Wyler, T., Loidl, J., and Kohli, J. (1993). Unusual nuclearLacI:URA3 (Shonn et al., 2000). Plasmids used to effect gene disrup-
structures in meiotic prophase of fission yeast: a cytological analy-tions in yeast were described previously: zip1::URA3 (Sym and
sis. J. Cell Biol. 121, 241–256.Roeder, 1995), ndj1::URA3 (Chua and Roeder, 1997), msh4::ADE2
(Novak et al., 2001), zip3::URA3 (Agarwal and Roeder, 2000), and Carpenter, A.T.C. (1988). Thoughts on recombination nodules, mei-
sgs1::KAN (Rockmill et al., 2003). otic recombination, and chiasmata. In Genetic Recombination, R.
Kucherlapati, and G.R. Smith, eds. (Washington, D.C.: American
Society for Microbiology), pp. 529–548.Chromosome Spreads and Immunofluorescence
Strains were sporulated in 2% potassium acetate at 30C for 16–18 Chua, P.R., and Roeder, G.S. (1997). Tam1, a telomere-associated
hr for wild-type and 18–20 hr for mutants. Chromosomes were meiotic protein, functions in chromosome synapsis and crossover
spread as previously described (Chua and Roeder, 1998) and interference. Genes Dev. 11, 1786–1800.
stained with rabbit anti-Zip2 (1:75 dilution), guinea pig anti-GFP,
Chua, P.R., and Roeder, G.S. (1998). Zip2, a meiosis-specific protein
and either mouse anti-Zip1 or (in the case of zip1) mouse anti-
required for the initiation of chromosome synapsis. Cell 93, 349–359.
Red1 antibodies (Smith and Roeder, 1997). Secondary antibodies
Conrad, M.N., Dominguez, A.M., and Dresser, M.E. (1997). Ndj1, a(Jackson ImmunoResearch), goat antirabbit-TxRed, donkey anti-
meiotic telomere protein required for normal chromosome synapsisguinea pig-FITC, and donkey antimouse-CY5, were used at 1:200
and segregation in yeast. Science 276, 1252–1255.dilution and DAPI at 1.5 g/ml. Images were acquired as previously
described using a DeltaVision system (Agarwal and Roeder, 2000). de los Santos, T., Loidl, J., Larkin, B., and Hollingsworth, N.M. (2001).
Contour lengths and positions of Zip2 foci were measured using A role for MMS4 in the processing of recombination intermediates
the 3D-model module of DeltaVision (Applied Precision). during meiosis in Saccharomyces cerevisiae. Genetics 159, 1511–
1525.
Mapping of SICs and Calculation of Cytological Interference de los Santos, T., Hunter, N., Lee, C., Larkin, B., Loidl, J., and Hol-
Normalized coordinates for Zip2 foci were calculated by dividing lingsworth, N.M. (2003). The Mus81/Mms4 endonuclease acts inde-
the positions of Zip2 foci by the contour length of the chromosome. pendently of double-Holliday junction resolution to promote a dis-
Each chromosome was divided into equal intervals approximately tinct subset of crossovers during meiosis in budding yeast. Genetics
0.26m in size. The error bars shown in Figure 2 represent variances 164, 81–94.
in the sampling distribution. The relevant formula is var(f)  (f 	 Egel, R. (1978). Synaptonemal complex and crossing-over: struc-
f^2)/n; the error bars plotted are the standard deviation, which is tural support or interference? Heredity 41, 233–237.
the square root of this expression.
Egel-Mitani, M., Olson, L.W., and Egel, R. (1982). Meiosis in Aspergil-The probability (Pn) of finding of a Zip2 focus for each individual
lus nidulans: Another example for lacking synaptonemal complexesinterval (n) and the probability of finding Zip2 foci in two adjacent
in the absence of crossover interference. Hereditas 97, 179–187.intervals (P(obs)n, n
1) were measured by counting the number of
Foss, E., Lande, R., Stahl, F.W., and Steinberg, C.M. (1993). ChiasmaZip2 foci in individual or adjacent intervals and dividing by the total
interference as a function of genetic distance. Genetics 133,number of chromosomes. On the rare occasions when there were
681–691.two foci in a single interval, one focus was assigned randomly to
either the n	1 or n
1 interval before interference was calculated. Havekes, F.W., de Jong, J.H., Heyting, C., and Ramanna, M.S. (1994).
The expected probability of finding Zip2 foci in adjacent intervals Synapsis and chiasma formation in four meiotic mutants of tomato
(P(exp)n, n
1) was calculated from the product of the individual proba- (Lycopersicon esculentum). Chromosome Res. 2, 315–325.
bilities (PnPn
1). Interference of Zip2 foci was assessed by measur- Hollingsworth, N.M., Ponte, L., and Halsey, C. (1995). MSH5, a novel
ing the coincidence value (Z  P(obs)n, n
1/P(exp)n, n
1) and sub- MutS homolog, facilitates meiotic reciprocal recombination be-
tracting from 1. To determine whether the observed frequencies
tween homologs in Saccharomyces cerevisiae but not mismatch
were different from the expected frequencies, statistical significance
repair. Genes Dev. 9, 1728–1739.
was calculated for each pair of intervals by chi-square analysis of
Kaback, D.B., Steensma, H.Y., and de Jonge, P. (1989). Enhanceda 2  2 contingency table.
meiotic recombination on the smallest chromosome of Saccharo-Interference values for chromosomes of different sizes were com-
myces cerevisiae. Proc. Natl. Acad. Sci. USA 86, 3694–3698.pared using the Tukey multiple comparison test for unequal sample
sizes (Zar, 1999). The test considers the null hypothesis that mean Kaback, D.B., Guacci, V., Barber, D., and Mahon, J.W. (1992). Chro-
(B) equals mean (A) versus the hypothesis that mean (A) is not equal mosome size-dependent control of meiotic recombination. Science
to mean (B), where A and B denote any possible pair of groups. All 256, 228–232.
pair wise combinations were tested to a significance level of p  Kaback, D.B., Barber, D., Mahon, J., Lamb, J., and You, J. (1999).
0.05. The same analysis was used to compare the densities of Zip2 Chromosome size-dependent control of meiotic reciprocal recombi-
foci on different chromosomes. nation in Saccharomyces cerevisiae: the role of crossover interfer-
ence. Genetics 152, 1475–1486.
Acknowledgments King, J.S., and Mortimer, R.K. (1990). A polymerization model of
chiasma interference and corresponding computer simulation. Ge-
We are grateful to members of the Roeder lab and to Wallace Mar- netics 126, 1127–1138.
shall for helpful comments on the manuscript. We thank Carole
Kleckner, N. (1996). Meiosis: how could it work? Proc. Natl. Acad.Rogers for skillful assistance in manuscript preparation. This work
Sci. USA 93, 8167–8174.was supported by the Howard Hughes Medical Institute. J.C. Fung
was the recipient of a Postdoctoral Fellowship (DRG-1423) from the Lambie, E.J., and Roeder, G.S. (1986). Repression of meiotic cross-
Cell
802
ing over by a centromere (CEN3) in Saccharomyces cerevisiae. Ge-
netics 114, 769–789.
Lambie, E.J., and Roeder, G.S. (1988). A yeast centromere acts in
cis to inhibit meiotic gene conversion of adjacent sequences. Cell
52, 863–873.
Loidl, J. (1990). The initiation of meiotic chromosome pairing: The
cytological view. Genome 33, 759–778.
Maguire, M.P. (1988). Crossover site determination and interference.
J. Theor. Biol. 134, 565–570.
Moens, P.B. (1969). Genetic and cytological effects of three de-
synaptic genes in the tomato. Can. J. Genet. Cytol. 11, 857–869.
Mortimer, R., and Fogel, S. (1974). Genetical interference and gene
conversion. In Mechanisms in Recombination, R. Grell, ed. (New
York: Plenum Press), pp. 263–275.
Munz, P. (1994). An analysis of interference in the fission yeast
Schizosaccharomyces pombe. Genetics 137, 701–707.
Novak, J.E., Ross-Macdonald, P., and Roeder, G.S. (2001). The bud-
ding yeast Msh4 protein functions in chromosome synapsis and the
regulation of crossover distribution. Genetics 158, 1013–1025.
Rockmill, B., Sym, M., Scherthan, H., and Roeder, G.S. (1995). Roles
for two RecA homologs in promoting meiotic chromosome synapsis.
Genes Dev. 9, 2684–2695.
Rockmill, B., Fung, J.C., Branda, S.S., and Roeder, G.S. (2003). The
Sgs1 helicase regulates chromosome synapsis and meiotic crossing
over. Curr. Biol. 13, 1954–1962.
Roeder, G.S. (1997). Meiotic chromosomes: it takes two to tango.
Genes Dev. 11, 2600–2621.
Ross-Macdonald, P., and Roeder, G.S. (1994). Mutation of a meiosis-
specific MutS homolog decreases crossing over but not mismatch
correction. Cell 79, 1069–1080.
Shonn, M.A., McCarroll, R., and Murray, A.W. (2000). Requirement
of the spindle checkpoint for proper chromosome segregation in
budding yeast meiosis. Science 289, 300–303.
Smith, A.V., and Roeder, G.S. (1997). The yeast Red1 protein local-
izes to the cores of meiotic chromosomes. J. Cell Biol. 136, 957–967.
Straight, A.F., Belmont, A.S., Robinett, C.C., and Murray, A.W. (1996).
GFP tagging of budding yeast chromosomes reveals that protein-
protein interactions can mediate sister chromatid cohesion. Curr.
Biol. 6, 1599–1608.
Sym, M., and Roeder, G.S. (1994). Crossover interference is abol-
ished in the absence of a synaptonemal complex protein. Cell 79,
283–292.
Sym, M., and Roeder, G.S. (1995). Zip1-induced changes in synapto-
nemal complex structure and polycomplex assembly. J. Cell Biol.
128, 455–466.
Sym, M., Engebrecht, J., and Roeder, G.S. (1993). ZIP1 is a synapto-
nemal complex protein required for meiotic chromosome synapsis.
Cell 72, 365–378.
Tung, K.-S., and Roeder, G.S. (1998). Meiotic chromosome morphol-
ogy and behavior in zip1 mutants of Saccharomyces cerevisiae.
Genetics 149, 817–832.
Zar, J. (1999). Biostatistical Analysis, 4th ed. (Upper Saddle River,
NJ: Prentice Hall).
